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1 1 

ANALYSIS  OF  THE  HARO  COMPONENT  OF  THE  COSMIC  RADIATION 
INTO  ITS  PROTONIC  AND  MESONIC  COMPONENTS 
AT  3.4  KILOMETERS  AND  AT  SEA  LEVEL 

I 

INTRODUCTION 

Current  interest  in  cosmic  ray  Investigation  is 
largely  directed  towards  two  general  objectives.  One  is 
an  interest  in  the  phenomenon  for  Itself  and  has  for  an  end 
the  explanation  in  cosmological  terms  of  the  origin  of  the 
radiation.  The  other,  and  perhaps  wider  interest,  is  to 
make  use  of  the  radiation  to  extend  to  very  high  energies 
our  knowledge  of  nuclear  phenomena.  In  the  early  periods 
of  cosmic  ray  study  (before  1930)  the  experimental  tech- 
niques available  measured  only  the  total  ionization  produced 
by  the  radiation,  both  in  the  atmosphere  and  under  various 
amounts  of  shielding  material.  Development  of  new  tech- 
niques at  about  this  time,  principally  those  associated 
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with  t>.\  u?.e  o~’  Geiger  counters.,  soon  led  to  a phenomenolog- 
ical classification  of  the  radiation  into  a hard  and  soft 
component.  As  techniques  have  become  mo’:e  quantitative, 
more  discrim: . rating  classifications  have  become  necessary. 
From  the  standpoint  of  nuclear  physics  it  is  appropriate  to 
separate  f - on?  the  total  T'tdi  at.:  on  these  particles  which 
produce  nuclear  disruptions,  Rossi  (l)  has  called  these 
par t- .1  .es  the  " N " compone nt 

Many  recent  investigations  of  the  interaction  of 
this  generalized  nuclear  component  with  the  atmosphere  and 
raa  + ,er  have  been  undertaken.  The  most-  common  practice  in 
these  investigations  is  to  study  some  particular  phenomenon 
such  as  "bursts,"  "stars,"  "penetrating  showers"  or  other 
type  of  reaction  in  order  to  infer  the  nature  and  behavior 
of  the  "N"  component . 

These  studies  usually  cover  e ormewhafc  ill-defined 
range  - of  energies  and  processes.  The  values  for  the 
absorption  path  length  of  the  "N"  com;  onent  derived  from 
these  studies  will  vary  widely,  depending  on  the  particular 
energy  range  or  type  of  interac-tio  ophaaized  by  the 
experimental  technique  used,  Tt-ir  situation  will  be  improved 
only  by  the  detailed  study  of  t-r  r - ventum  distribution  and 
intensity  of  each  constituent  o-  ire  "N"  component. 

Studies  of  the  indivi:  " istxtuents  of  the  "N" 
component  hav<-  not  beer  widely  undertaken  except  for  the 
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neutron  constituent  which  Is  relatively  easy  to  detect 
because  of  its  unique  properties.  The  high  energy  ionizing 
constituents  of  the  "N"  component,  however,  are  exceedingly 
difficult  to  separate  and  most  of  the  progress  in  this  direc- 
tion has  been  made  in  very  recent  years.  The  star  producing 
characteristics  of  low  energy  pi-mesons  was  studied  in  detail 
by  the  use  of  photographic  plates  by  the  English  physicists, 
particularly  Occhialini  and  Powell  in  a series  of  papers 
running  from  1946-1948.  It  has  been  shown  from  photographic 
plate  studies  that  protons  frequently  cause  nuclear  disin- 
tegrations and,  hence,  are  included  in  thr  "N"  component,  but 
no  one  had  succeeded  in  separating  mesons  and  protons  with 
anything  like  quantitative  results  prior  to  1948.  In  that 
year  the  investigation  reported  by  Miller,  Henderson,  et  al 
determined  a lower  limit  for  the  proton  flux  in  an  extremely 
narrow  momentum  interval  at  3*4  kilometers.  The  present 
paper  described  some  measurements  made  in  1949  to  195°  which 
had  the  aim  of  determining  the  momentum  spectrum  of  protons 
at  3-4  kilometers  and  also  at  sea  level.  The  various  tech- 
niques used  in  the  study  of  the  "N"  component  are  discussed 
at  length  in  order  to  compare  the  results  obtained  with  those 
obtained  in  the  present  investigation. 
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Hard  and  Soft  Components 

For  many  years  cosmic  rays  have  been  divided  into  two 
components  which  were  labeled  "hard"  and  "soft."  The  basis 
of  separation  is  the  respective  range  of  the  particles.  The 

soft  component  is  that  portion  which  will  not  penetrate  a 

2 

layer  of  lead  of  167  gm/cm  while  the  hard  component  will 
penetrate  such  a layer  of  lead.  This  division  is  Justified 
by  the  behavior  of  sea  level  cosmic  rays.  If  one  considers 
the  flux  of  cosmic  rays  below  various  layers  of  lead  it  will 
be  found  that  the  flux  increases  until  a 3 centimeter  layer 
of  lead  is  reached,  but  as  the  layer  becomes  thicker  the 
flux  rapidly  diminishes  until  a layer  of  10  centimeters  of 
lead  has  been  reached.  Further  increases  in  the  thickness 

of  lead  decrease  the  flux  only  slightly.  The  layer  of  167 

2 

gm/cm  is  designed  to  separate  the  rapidly  absorbed  soft 
component  from  the  more  penetrating  hard  component. 

At  sea  level  the  conspicuous  characteristic  of  the 
soft  component  is  that  most  of  the  high  energy  particles 
in  penetrating  matter  produce  many  lower  energy7  particles. 
This  is  a characteristic  of  electrons  and  photons  which  are 
the  principal  constituent  of  the  soft  component  at  sea  level. 
The  processes  Involved  in  the  multiplication  are  essentially 
electromagnetic  1. r nature  - Compton  scattering,  pair  produc- 
tion, radiative  processes  due  to  electronic  acceleration. 
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and  knock  on  p-ocesse  r,  which  are  fairly  well  understood. 

On  the  other  hand  the  sea  level  hard  component  Is 
esser.t  tally  ron-f  i-v  t rcr.ic  .1  r.  nature  and  its  principal 
ooapop"  >•  is  mesons.  The  separation  into  hard  and  soft 
romponens  dees  not  sharply  distinguish  mesons  from  elec- 
trons, Tor  if  the  energy  of  the  incident  electron  is  high 

enough,  there  Is  a finite  probability  of  at  least  one 

2 

particle  penetrating  lo7  gro/cm  of  lead.  Conversely,  a 
meson  having  a momentum  les3  than  300  Mev/C  will  not 

o 

penetrate  lb  7 gm/cm  . 

The  picture  is  further  complicated  by  the  presence 
of  protons  and  neutrons  particularly  at  higher  altitudes. 

High  energy  pretons  lose  energy  by  two  strikingly  different 
processes:  first,  by  th<  gradual  process  of  ionization,  and 

secondly,  by  interaction  with  nuclei  in  catastrophic  proces- 
ses. At  low  energy  ionization  losses  predominate  but  at 
high  energies  the  nuclear  interactions  predominate.  Neutrons 
lose  energy  principally  by  nuclear  interaction,  since  they 
have  no  charge  to  ^ause  Coulomb  scattering.  These  properties 
will  be  discussed  at  greater  length  later. 

The  "N"  Component 

The  separation  into  hard  and  soft  components  is  not 
adequate  for  the  purposes  of  this  article  so  that  other 
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criteria  for  separation  must  usea  One  possibility  is  to 
separate  the  radiation  into  an  electronic  (cascade  producing) 
and  a non-elec tronic  component.  The  electronic  component 
includes  electrons  and  photons.  The  non-electronlc  component 
contains  mesons,  protons,  neutrons,  V particles,  and  a 
variety  of  composite  nuclei.  The  electronic  component  has 
been  thoroughly  studied  and  analyzed.  The  cascade  process 
has  been  described  mathematically  by  Bhabha  and  Hcitler  (2), 
by  Carlson  and  Oppenheimer  (3)>  and  by  Arley  (4).  A general 
review  of  electronic  processes  is  given  Rossi  ar.d 
Oreisen  (5)  . 

Except  to  make  suxe  that  electrons  have  been  excluded 
from  the  measurements,  the  electronic  component  is  of  no 
Interest  in  this  paper. 

Rossi  (1)  has  designated  those  particles  which  cause 
nuclear  disruptions  or  stars  as  a generalized  nuclear  com- 
ponent and  has  labeled  them  the  "N"  component. 

Rossi  (1)  presents  evidence  which  tends  to  show  that 
electrons  and  photons  cause  relatively  few  stars,  since 
increase  in  the  rate  of  stars  with  altitude  is  enormously 
greater  than  the  increase  of  cascade  showers.  The  same 
argument  also  applies  to  mu-mesons.  The  processes  initiated 
by  the  "N"  component  are  extremely  varied  and  range  from 
simple  scattering  phenomena  through  exchange  collisions 
between  neutrons  and  protons  to  complete  nuclear  disruptions. 
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These  pnenomena  have  been  intensively  studied  in  the  last 

i few  years  by  many  groups  using  an  exceedingly  diversified 

assortment  of  techniques  The  actual  processes  occurring 
in  nuc’rar  interactions  are  not  clearly  understood  but  it 
is  clea-  that  when  a direct  collision  occurs  between  an 
incident  neutron  or  proton  and  a nucleus,  that  the  nucleua 
may  become  disrupted  and  two  to  several  particles  may  be 
ejected.  The  particles  ejected  may  include  protons, 
pi-mesons,  electrons,  neutrons,  various  nuclei,  and  "V" 
partic les . 

Ionization  Chamber  Studies 

When  the  nuclear  disruption  occurs  in  an  ionization 
chamber  a large  burst  of  ionization  is  detected;  hence  the 
name  "burst"  came  into  the  literature.  However,  bursts 
include  not  only  nuclear  disruptions,  but  also  dense  air 
showers  and  at  very  high  altitudes,  single  particles  of 
high  nuclear  charge.  The  bursts  due  to  air  showers  may  be 
separated  from  single  particles  and  nuclear  disruptions  by 
coincidence  measurements  between  ionization  chambers  and 
Geiger  counters.  The  occurrence  of  bursts  has  been  studied 
by  Bridge  (6),  Bridge,  Hazen,  Rossi  and  Williams  (7)*  Bridge 
and  Rossi  (8),  Hulsizer  (9),  McClure  and  Pomerantz  (10). 

One  of  the  latest  burst  studies  has  been  conducted  by  G.  N. 

I 

I 

I 
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Whyte  (11)  at  various  latitudes  and  at  altitudes  to  100,000 

feet.  The  results  of  these  various  experiments  include  a 

determination  of  a mean  free  path  for  the  "N"  component  of 

2 

140  to  165  gm/c*  of  air.  In  the  upper  atmosphere  the  path 

2 

length  Increases  to  approximately  210  gm/cm  . 

Cloud  Chamber  Studies 

Nuclear  disruptions  or  "stars"  have  been  studied 
in  cloud  chambers  by  many  investigators,  among  the  earlier 
studies  being  those  of  Neddermeyer  and  Anderson  (12),  Brode, 
Macpherson  and  Starr  (13),  and  Pussell  (14).  Later  researches 
have  been  made  by  W.  M.  Powell  (15),  W.  E.  Hazen  (16),  and  by 
Fowler  and  Cool  (17).  These  investigators  have  catalogued 
the  stars  by  the  number  of  prongs  present,  the  penetrating 
power  of  the  prongs,  total  energy,  and  similar  data.  They 
have  found  that  the  rate  of  star  production  can  be  fitted 
fairly  well  to  the  equation 


R ■ Ro  e 

X = depth  in  atmosphere,  L - a mean  free  path  for  removal 
when  the  "N"  component,  R0,  is  an  initial  rate.  At  higher 
altitude  this  must  be  integrated  over  all  directions  to  give 
a reasonable  value  and  L must  be  modified  to  take  account  of 
the  heavy  nuclei  in  the  primaries.  At  medium  altitudes  L is 
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found  to  vary  depending  on  the  size  of  star  produced. 

2 

Accepted  values  range  from  120  to  165  gm/cm  . 

All  of  the  cloud  chamber  studies  have  depended  on 
the  formation  of  stars  in  metallic  plates  except  for  one 
study  by  Valley  (18)  In  a high  pressure  chamber  for  which 
detailed  Information  has  never  been  published. 

Counter  Studies 

ur.e  or  tee  interesting  phenomena  observe^  j.n  a cloud 
chamber  containing  absorbing  plates  is  the  "penetrating 
shower"  which  originates  at  a point  in  one  of  the  plates. 

A group  of  ver^  penetrating  particles  occasionally  occurs 

'n 

in  a star  and  many  of  the  particles  will  penetrate  all  of 
the  remaining  plates  in  the  chamber.  The  angular  spreading 
of  the  shower  Is  often  very  small.  Many  studies  (cf.  Walker, 
Walker  and  Grelsen  (19))  have  also  been  made  of  penetrating 
showers  by  means  of  Gelger-Mueller  counters.  Here  again  the 
rate  may  be  fitted  to  an  exponential  function  with  respect 
to  altitude  and  an  absorption  mean  free  path.  It  frequently 
happens  that  a shower  has  an  electronic  component  and  a more 
penetrating  part,  cf.  ref.  19.  The  Cocconis  and  co-workers 
have  published  a large  number  of  papers  which  deal  with  the 
occurrence  of  neutrons  in  penetrating  showers. 
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Walker,  Walker,  and  Orel  sen  (19)  have  found  that  the 
absorption  of  the  "N"  cor.por  .it  responsible  for  the  produc- 
tion of  penetrating  showers  has  a mean  free  path  In  lrad  o' 
157  gro/cm*  for  charged  particles  and  165  gm/c.m  for  neutral 
particles.  The  mean  free  Dath  in  carbon  was  80  and  82  gm/cm*” 
respectively.  These  higher  than  the  values  of  the  geo- 

metric cross  secMcn.  The  figure  in  lead  Is  approximately 
that  obtained  by  other  workers,  while  that  found  for  carbon 
is  lower  than  some  of  the  measurements  of  Cocconi  and  others. 

Photographic  Emulsion  Studies 

Stars  have  also  been  investigated  In  great  detail  by 
the  use  of  photographic  plates.  tiau  and  Wambacher  (20) 
probably  conducted  the  first  important  : ivestlgation  of  stars 
with  photographic  plates.-  Among  the  rr^st  important  of  the 
early  works  using  photographic  plate  that  of  Stetter  and 
Wambacher  (21)  who  established  the  f a t that  the  cosmic  ’’ays 
cause  stars  in  emulsions,  and  also  f it  there  is  a very  rapid 
increase  in  the  rate  of  star  produ  n ^ the  altitude 
increases . 

Later  investigations  ha - mons crated  the  disinte- 
gration of  pi-mesons  into  mu -me  sc-/  Further  investigations 
with  photographic  emulsions  have  r.-losed  many  and  vailed 
nuclear  Interactions  'omc  r.  . \ -rlous  types  include 
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incident  low  energy  pi-mesons  (mess.  275  electron  masses) 
c casing  a nucleus  to  disrupt  emitting  protons,  alpha 
particles,  heavier  nuclei,  occasional  electrons,  probably 
neutrons  and  possible  gamma  rays.  Frequently  a meson  may 
be  emitt  i.  There  have  been  occasions  where  an  incident 
pi-r.eson  lias  "aused  a nuclear  explosion  which  emitted  a 
secondary  pi-nesoi.  which  in  turn,  caused  a second  nuclear 
explosion . 

High  energy  incident  protons  cause  nuclear  explo- 
sions as  do  neutral  particles  (principally  neutrons;.  If 
the  incident  particle  has  a very  high  energy  It  is  probable 
that  several  so-called  "grey"  tracks  will  be  formed  which 
may  be  high  energy  mesons.  The  pencil  sc  formed  may  be 
extremely  narrow.  Some  examples  ar:  shown  in  the  works  of 
E.  Pickup  and  Voyvodic  (22),  Camarini,  Fowler,  Lock,  and 
Muirhead  (25),  and  Lord,  Feinberg,  and  Schein  (2I4.).  It 
seems  clear  from  these  works  that  high  aergy  mesons  are 
formed  in  collisions  involving  extreme! ~ energetic  (at 
least  in  the  relativistic  region)  nucleons. 

Blau  and  VYambachor  (20)  have  1 ■ nd  a direct  propor- 
tionality between  the  number  of  slow  . cotons  and  the  rate  of 
star  production.  If  one  makes  the  s.sumption,  although  It 
has  no  real  logical  basis,  that  th.r  orrespondence  holds 
for  protons  of  higher  energies  the  sune  type  of  dependence 
on  altitude  should  hold  for  pro 


for  stars.  The 
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dependence  of  the  intensity  of  the  star  producing  agency  on 
the  depth  of  the  atmosphere  is 


R 


sin  6 

by  J.  J.  Lord  (25) 


where  X is  now  the  actual  path  traversed  from  the  top 
of  the  atmosphere 

R is  the  rate  of  star  production 

R0  is  the  normalizing  factor 

L is  the  mean  free  path  length 

Q is  the  polar  angle 

At  altitudes  less  than  60,000  feet  thiB  reduces  to 

X 

- L 

R * R0  e 

2 

L varies  from  120  to  165  gm/cm  for  various  kinds  of  stars. 
It  will  be  seen  later  that  the  present  investigation  gives 
results  which  are  in  agreement  with  this  equation.  It 
should  be  carefully  noted  that  the  mean  free  path  does  not 
refer  to  the  protons  themselves  but  to  the  "N"  component 
which  causes  stars. 

It  is  interesting  that  neutron-produced  stars  reach 
a maximum  intensity  at  an  atmospheric  pressure  of  3*5  centi- 
meters of  mercury  due  to  the  lack  of  neutrons  in  the  primary 


radiation. 


Momentum  Distributions 


The  momentum  distribution  of  the  entire  non-electronic 

C CwJpC*' V*  A r>  < r>i»oof^  n»oVoH  Ktt  tf  Oft4  AMO  r\V>^r  • 4 r>  4 Rt/3  J)0  t h fl  t 

sea  level  and  at  higher  altitudes.  The  earliest  3uch  measure- 
ment at  high  altitude  was  carried  out  by  Neddermeyer  and 
Anderson  (12)  in  1934,  who  determined  the  momentum  distribution 
of  all  particles  at  4.3  kilometers.  They  made  observations  on 
the  ionization  density  and  found  that  some  3 per  cent  of  the 
cosmic  radiation  was  heavily  ionizing.  In  1946  W.  M.  Powell 
(15)  published  the  results  of  an  extensive  study  of  cosmic 
rays  at  4.3  km  using  a combination  of  scattering  and  range  to 
Identify  particles.  He  concluded  that  3.3  per  cent  of  the 
penetrating  particles  were  protons. 

As  will  be  seen  later,  both  of  these  estimates  appear 
to  have  been  low. 

The  momentum  spectrum  of  the  non-electronic  component 
at  sea  level  has  been  determined  by  means  of  cloud  chambers 
by  various  investigators,  notably  V/ilson  (26),  Hughes  (to  10 
Bev/C)  (27),  and  Blackett  (28)  (to  20  Bev/C) . The  momentum 
spectrum  of  J.  Q.  Wilson  is  reproduced  in  Fig.  1.  The  max- 
imum of  the  curve  lies  at  a value  of  0.7  to  0.8  Bev/C. 

A very  recent  and  Ingenious  investigation  has  been 
carried  out  by  Glaser,  Hamermesh,  and  Safonov  (29)  who  have 
determined  the  sea  level  momentum  spectrum  to  the  phenomenal 
value  of  100  Bev/C. 


MOMENTUM  IN  MEV/c 
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The  method  used  by  these  Investigators  was  to  place 
a strong  magnetic  field  between  two  cloud  chambers  which 
were  operated  by  a suitable  Geiger  tube  telescope  They  have 
found  results  in  agreement  with  the  researches  mentioned 
above  up  to  20  Bev/C.  Beyond  this  point  the  Intensity 
continues  to  decrease „ 

Early  Investigations  of  Protons 

The  Investigation  of  the  "N"  component  has  been 
hampered  by  the  difficulty  of  separating  protons  from 
mesons  at  higher  momenta.  The  usual  methods  of  separation 
In  a cloud  chamber  involve  the  differing  ionization  densi- 
ties for  the  same  momentum,  or  the  differing  scattering 
properties,  of  mesons  and  pretons.  Both  of  these  methods 
are  applicable  at  comparatively  low  energies.  Cloud  chamber 
studies  Involving  Ionization  densities  are  extremely  labori- 
ous and  probably  somewhat  uncertain  because  of  the  variation 
of  the  cloud  chamber  characteristics  with  time.  Nonetheless, 
several  such  studies  have  been  carried  out  at  sea  levei 
(E.  J.  Williams  ( 30 ) , R.  B.  Brode , H.  G.  Macpherson  and  M.  A. 
Starr  (13)).  Two  studies  worthy  of  note  were  carried  out  at 
4300  meters  by  Neddermeyer  and  Andersen  (12)  and  W.  M. 

Powell  (15) . All  of  these  studies  found  a very  low  per- 
centage of  protons  in  cosmic  rays.  The  flux  of  very  low 


16 


energy  protons  has  been  studied  by  means  of  phonographic 
plates  of  Blau  and  Wambacher  (20)  and  others. 

The  neutron  intensity  has  been  studied  by  many 
investigators  who  have  determined  the  neutron  flux  at 
various  altitudes  using  boron  trifluoride  counters  and  by 
use  of  recoil  protons  in  photographic  plates,  and  have 
obtained  a certain  amount  of  information  regarding  their 
energy  distribution. 

Recent  Investigations  of  Protons 

Recently  several  investigators  have  made  resear' be s 
which  have  at  least  partially  separated  the  protonic  compo- 
nent from  the  mesonlc  component.  These  include  the  investi- 
gations of  Adams,  Anderson  et  al  at  30,000  feet  (36),  and 
the  sea  level  researches  of  Merkle,  Goldwasser,  and  Erode 
(31),  Goldwasser  and  Merkle  (32),  Nonnemaker  and  Street  (33) 
As  all  of  these  investigations  apply  to  a greater  or  lesser 
extent  to  the  problem  at  hand,  they  will  be  discussed  at 
some  length.  The  studies  of  Miller,  Henderson  et  a'.  1.341 
are  the  direct  inspiration  of  the  present  work  and  will 
therefore  be  discussed  extensively. 

Another  investigation  which  must  be  mentioned  is  that 
of  Hall  (35)  who  used  a counter  telescope  to  measure  r he 
integral  range  spectrum  at  4350  meters.  The  principal 
interest  in  this  paper  is  that  the  transformation  to  a 
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differential  momentum  spectrum  leads  to  inconsistencies  u.nles3 
large  numbers  of  protons  are  postulated. 

Nonnemaker  and  Street,  working  at  sea  level f measured 

the  momentum  of  particles  which  passed  through  a layer  equiv- 

2 

alent  to  140  gm/cm  of  lead  and  which  stepped  lr.  a layer 

2 

equivalent  to  88  gm/cm  of  lead.  The  means  of  measuring  the 
momentum  was  a cloud  chamber  in  a magnetic  field  of  43CO  gauss 
The  identification  of  the  particles  was  accomplished  by  means 
of  the  density  of  droplets  along  a track  as  compared  to  the 
density  of  droplets  along  a track  of  minimum  ionization 
Tracks  occurring  singly  were  classed  as  protons,  mesons,  or 
electrons;  of  384  pictures,  227  were  mu-mesons,  10  were  dense 
tracks  having  momentum  greater  than  250  Mev/C,  23  were  ener- 
getic particles  which  did  not  trigger  the  anticoincidence 
tray,  15  were  electrons  with  momenta  less  than  70  Mev/C,  and 
73  were  other  electronic  events. 

They  obtained  a positive  excess  for  the  mesons  of 
•94  t .07. 

Nonnemaker  and  Street  have  conducted  their  research 
from  the  standpoint  of  mass  determinations  and  consequently 
have  conducted  the  experiment  from  a viewpoint  which  makes 
impossible  an  easy  interpretation  of  the  data  with  respect 
to  the  analysis  into  various  components.  In  the  first  place, 
the  amount  of  absorber  over  the  chamber  is  nearly  a mean  free 
path  length  for  energetic  protons,  hence  nearly  60  per  cent 
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of  the  very  energetic  protons  In  the  atmosphere  are  lost  in 
the  absorber.  Secondly,  the  absorption  of  protons  du**  to 
ionization  loss  is  complete  up  to  a momentum  o:  750  Mev/C. 
That  they  obtained  any  protons  at  all  is  undoubtedly  due  to 
the  production  of  protons  in  the  lead  absorber  above  the 
chamber. 

Merkle,  Qoldwasser,  and  Brode  (31)  conducted  an 
experiment  in  which  simultaneous  momentum  and  range  measure- 
ments were  made  at  sea  level  for  the  purpose  of  obtaining 
mass  measurements.  This  experiment  showed  a protonic 
component  of  about  1 per  cent  of  the  total  penetra-ir.g 
component.  These  authors  found  that  as  many  protons  as 
mesons  stop  In  the  range  4-13  centimeters  of  lead. 

Goldwasser  and  Merkle  (33)  have  extended  these  meas- 
urements with  results  substantially  differing  from  those  of 
other  investigators.  They  find  considerably  more  protons 
stopping  between  4 and  13  centimeters  of  lead  than  mesons. 
Although  they  find  a mean  free  path  for  absorption  of  12 
centimeters  for  lead  placed  above  the  cloud  chamber,  they 
find  a mean  free  path  of  4 centimeters  for  lead  in  the  range 
measuring  chamber.  The  differential  range  spectra  for 
mesons  and  protons  found  by  these  authors  is  reproduced  in 
Big.  2.  A comparison  of  these  results  with  those  of  the 
present  investigation  will  be  made  later. 


DIFFERENTIAL  RANGE  SPECTRA  FOR  PROTONS  AND  MESONS 


Probably  the  first  of  vhe  recen*:  2rve3r  ige*-  l^r.s  which 
Indicated  the  presence  of  large  numbers  or  protons  In  cosmic 
rays  is  that  of  Adams,  Anderson,  et  al  ■ 36 ) who  obtained  a 
momentum  spectrum  at  30,000  feet  b.,  flying  a magnetic  cloud 
chamber  in  a B-29*  The  momentum  distribution  obtained 
(which  is  shown  In  Fig.  3)  Is  featured  by  a very  high  peak 
at  a momentum  of  about  500  Mev/C.  There  was  a 3-1/2  centi- 
meter brass  casting  between  the  sensitive  volume  of  the 
chamber  and  the  lower  coincidence  tube  As  the  peak  was  due 
entirely  to  positive  particles  and  occurs  at  a momentum 
which  Is  Just  at  the  absorption  cutoff  for  protons  travers- 
ing the  brass  casting.  It  Is  highly  probable  that  the  peak 
Is  due  to  a very  large  number  of  protons  In  the  radiation. 

The  statistics  are  not  sufficient  to  permit  a satisfactory 
estimate  of  the  protonic  flux,  but  the  evidence  points  to  a 
very  large  number  of  protons  compared  to  previous  estimates. 

Hall  (35),  in  transforming  the  integral  range  spec- 
trum which  he  obtained  at  4. 3 kilometers  into  a differential 
momentum  spectrum  used  the  hypothesis  that  all  p=*,"‘ 1 r ]ps 
observed  were  mesons.  The  momentum  spectrum  obtained  had  a 
tremendous  peak  at  about  250  Mev/c  Hall  realized  that  the 
distribution  of  this  type  would  be  extremely  unstable  with 
respect  to  altitude  and  If  there  were  only  mesons  in  the 
radiation  that  this  spectrum  required  a tremendous  genera- 
tion of  mesons  at  this  altitude.  Mere  recent  theoretical 
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and  experimental  work  has  shown  that  mesons  are  created  as  a 
result  of  collisions  between  nucleons  which  he  hypothesized 
were  not  present. 

Since  the  present  work  permits  the  estimation  of  the 
number  of  protons  at  3 4 kilometers,  some  correlation  with 

Hall's  differential  momentum  spectrum  should  be  possible  as 

2 

there  are  only  about  85  gm/cm  of  air  between  these  altitudes. 
This  will  be  discussed  further  on. 

Another  recent  work  which  indicated  the  presence 
of  a significant  number  of  protons  in  cosmic  rays  at  3.4 
kilometers  is  the  work  of  Miller,  Henderson,  et  al  (34)  wh 1 
measured  the  momentum  spectrum  of  cosmic  rays  under  various 
thickr.esses  of  lead.  The  spectrum  under  5 centimeters  o: 
lead  is  shown  in  Fig  4.  During  the  examination  of  the  data 
it  was  noted  that  son-'  of  *'v'r'  t'r’acks  of  particles  having 
relatively  high  raomenU  sncved  an  ionization  that  was  several 
times  minimum,  although  mesons  with  such  momenta  would  have 
produced  tracks  of  almost  minimum  ionization.  All  but  three 
of  these  tracks  showed  curvatures  denoting  positive  change 
if  the  particles  were  traveling  downwards. 

A momentum  plot  of  all  of  these  heavily  ionizing 
particles  showed  a low  momentum  cutoff  which  corresponded 
to  the  momentum  which  a proton  must  have  in  order  to  get 
from  the  cloud  chamber  into  the  sensitive  volume  of  the 
lower  Geiger  counter.  In  view  of  these  facts,  it  is 
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probat-l*  th*’:  th'-se  particles  vare  crotons-  It  was  ' c.und 
that  ’ hev  constituted  ^ome  10  r»r  cent  of  the  sing]v  occur- 
ring iori  zing  part  of  the  nor-  ^ 1 ct^  '^lc  -ompe':'' nt  ^ - - 
momentum  -.car  000  C . 

The  judgment  n<~  » he  ionization  of  the  track  was 
somewha*  r>  t Je<~  t 1 ve  . That  is,  a series  of  frames  was 
examiner  simultaneously  and  if  one  cf  the  tracks  appeared 
parti  ularly  heavy,  in  the  opinion  of  the  person  examining 
it,  . was  recorded  as  a heavy  track.  Several  items  con- 
tributed to  the  uncertainty  of  the  Identification.  In  the 
first  place,  the  chamber  was  counter-controlled  so  that  the 
intervals  between  expansions  was  random  except  for  a i-l/P 
minute  chamber  recovery  time 

In  the  second  place,  the  „ime  de'ay  between  the 
detection,  of  th°  parti...  le  and  the  ex  par-  ion  of  the  cloud 
chamber  was  so  short  that-  the  droplet-  .-.id  not  have  time  to 
completely  form  or  the  ions  to  diffus  away  from  each  other, 
so  that  actual  counting  of  droplets  to  determine  ionization 
accurately  was  entirely  unfeasible  ’ l addition  there  were 
sometimes  slight-  variations  in  111*  n:on,  It  was  felt 
that  the  estimate  given  was  a 2 r w-  . -mlt  of  the  protons  and 

that  many  more  protons  actually  fed  In  the  r°dlatlon.. 

The  previous  work  on  t'*'-  1 •”  component  has  been  given 
in  detail  above.  The  ir.fo'-ma  triable  about  crotons 

was  very  limited,  consisting  know  ..edge  that,  photons 


existed  in  fairly  large  numbers.  f-;e  prctw.  momentum  sues  to 
nad  been  published.  The  present  investigation  permitted  a 
quantitative  description  of  the  momentum  distribution  of 
protons  in  the  momentum  interval  from  5 00  Mev/C  to  5 Be»/0, 
As  an  important  by-product  of  this  research  an  estimate  of 
the  mean  free  path  for  absorption  slue  to  nuclear-  reaction 
has  been  made  possible „ 

Subtraction  of  the  proton  momentum  spectrum  from. 


rum 


the  momentum  spectrum  of  the  ncn-electrcnic  component  found 
by  Miller,  Henderson,  et  al  (3^)  permits-'  an  approximation 
of  tne  meson  spectrum. 
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II 

EXPERIMENTAL  METHOD 

The  search  fcr  a method  of  distinguishing  protons 
that  does  not  involve  a subjective  treatment  and  which 
permits  tne  determination  of  their  momentum  spectrum  always 
necessitates  the  choice  of  two  techniques.  The  determina- 
tion of  the  momentum  spectrum  is  a measurement  for  which 
the  magnetic  cloud  chamber  is  uniquely  fitted.  There  is  no 
other  tool  which  is  nearly  so  effective  for  momentum  meas- 
urements or  which  even  measures  the  momentum  directly. 

Since  it  is  desirable  to  avoid  any  possible  ambiguity,  the 
first  necessary  choice  is  the  magnetic  cloud  chamber.  This 
leaves  one  other  property  to  be  measured.  The  properties 
which  are  used  frequently  for  this  type  of  study  are  the 
scattering,  ionization  density,  and  range  of  the  particle. 
The  scattering  properties  did  not  seem  capable  of  giving 
accurate  enough  information  in  the  small  chamber  available 
since  no  lead  plates  could  be  introduced  because  they  would 
shorten  the  length  of  track  available  for  curvature  meas- 
urements to  the  point  where  no  accuracy  could  be  obtained. 
Ionization  measurements  suffer  from  similar  defects.  In 
order  to  measure  ionization  accurately,  it  is  necessary  to 
delay  the  expansion  of  the  chamber  until  considerable  dif- 
fusion has  occurred  in  the  track.  It  is  then  impossible  to 
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measure  the  curvature  of  the  resulting  broad,  diffuse  track 
with  any  degree  of  accuracy.  In  any  case  the  ionization 
density  method  is  limited  to  low  energies. 

The  one  remaining  possibility  was  a simultaneous 
measurement  of  momentum  and  range  The  difficulties  that 
arise  here  are  fortunately  net  serious  In  the  first  place 
the  measurements  do  not  mutually  interfere  so  that  the 
accuracy  of  either  can  be  carried  out  tc  the  limit  of  the 
equipment  without  bothering  the  other.  In  the  second  place 
the  range  of  a particle  is  a rapidly  varying  function  of 
momentum  so  that,  for  particles  of  momenta  considered  in 
this  experiment  the  range  is  suitable  parameter  for  the 
determination  of  particle  characteristics.  As  a counter 
telescope  appeared  to  be  considerably  more  flexible  than 
a range  cloud  chamber,  errs  was  the  method  used. 

The  principle  of  separation  of  protons  from  mesons 
can  be  shown  most  easily  by  reference  to  Fig.  5.  It  is 
based  on  the  vast  differences  of  the  range -momentum  relations 
of  protons  and  mesons  Fig.  5 shews  the  range -momentum 
curves  for  mesons  and  protons.  The  heavy  horizontal  bar 
marks  the  range  interval  0.5  to  5.5  centimeters  of  lead. 

The  short  vertical  bar  represents  the  momentum  interval  for 
which  mesons  would  stop  in  this  range.  Similarly  the  long 
vertical  bar  marks  the  momentum  range  for  which  protons 
would  have  this  same  range.  If  there  were  no  scattering 
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RANGE  MOMENTUM  RELATIONS  FOR  PROTONS  AND  MESONS 
FROM  DATA  PREPARED  BY  E P GROSS 
AT  PALMER  PHYSICAL  LABORATORY 
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an!  the  anticoincidence  troy  were  IOC  per  cent  efficient 
tf  e momentum  spectrum  obtained  would  ce  tv/ o peaks,  that  with 
lower  momentum  bein'  due  to  rr.esons  and  that  with  higher 
momentum  due  to  protons,  with  vertical  cutoffs.  The  picture 
is  coTtpl’  'ated  by  the  small  angle  scattering  to  which  the 
particles  are  subjected  and  also  by  catastrophic  losses  of 
protons.  A glance  at  Fig.  9 shows  the  momentum  spectrum 
obtained  for  these  particles  which  stop  in  0. 5 to  5»5  centi- 
meters of  lead.  The  extremely  clear  separation  of  the  two 
peaks  shows  the  efficacy  of  the  method. 

If  ionization  losses  alone  wore  of  significance,  the 
information  derivable  from  this  series  of  measurements  would 
be  limited  to  a momentum  of  about  1.2  3ev/C  for  protons. 
However,  as  we  have  already  seen,  tee  wiJ"  component  is 
absorbed  in  lead  by  nuclear  interaction  vi th  an  absorption 
mean  free  path,  cf  1 50-165  grn/cm^.  Since  protons  are  cer- 
tainly one  constituent  of  the  "N"  conpc  -:r.t  they  also  must 
be  absorbed  with  a mean  free  path  of  at  ut  l60  gm/cm  . On 
the  basis  of  this  figure  which  is  net  philosophically  Justi- 
fied in  a 5-centimeter  absorber  about  c te  third  of  the  high 
energy  protons  are  stopped  while  ' 1 centimeters  the  frac- 
tion is  about  55  Per  cent  of  the  to  al  protonic  flux.  Thus 
from  the  data  found  in  this  exper'  e.„  it  is  possible  to 
get  a fair  approximation  of  the  - er  r of  protons  in  the 
cosmic  radiation.  Although  due  o .terlr.g  difficulties 
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and  the  need  to  add  several  partial  spectra  the  probable 
error  is  large  at  high  energies.  A crude  estimation  of  the 
mean  free  path  of  protons  .'as  distinguished  from  the  gener- 
alized "N"  component)  in  lead  can  be  made  from  tne  number 
of  protons  stopped  in  varying  amounts  of  lead,  but  the 
probable  «rror  is  large,  due  to  the  method  necessary  to 
get  the  proton  flax  at  higher  momenta  This  figure  may 
then  be  used  to  calculate  the  total  protonic  flux. 

This  experiment  differs  markedly  frcm  that  reported 
by  Miller,  Henderson,  et  al  (3M  because  the  experiment  that 
these  investigators  performed  was  a simple  momentum  measure- 
ment of  all  particles  which  had  a sufficient  range  to  pene- 
trate the  moderating  lead  above  t e cloud  chamber.  The 
information  obtained  about  photons  was  due  entirely  to  the 
heavy  ionization  of  these  particles.  Estimates  of  proton 
intensity  were  limited  to  a narrow  momentum  band  and  served 
only  to  set  a lower  limit  to  the  intensity  in  this  band. 
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THE  EXPERIMENT 

The  expedition  of  1948  had  found  that  the  use  of  the 
facilities  provided  by  the  Climax  Molybedenum  Company  greatly 
simplified  the  problems  of  ^he  expedition.  It  was  therefore 
decided  that  the  present  data  should  be  obtained  by  Climax. 

A 22-foot  van-trailer  with  an  International  semi-tractor  for 
locomotion  was  obtained  and  fitted  out  for  the  use  cf  the 
expedition.  A small  dark  room  was  built  into  the  trailer 
and  served  for  the  processing  of  much  of  the  film.  On-the- 
spot  analysis  of  sufficient  film  to  indicate  the  trend  of 
the  experiment  greatly  facilitated  the  experimental  procedure. 
Perhaps  the  greatest  handicap  to  the  experiment  was  the 
extremes  of  temperature  encountered  within  the  truck. 

The  motor  generator  set  wa3  installed  on  a Navy  6x6 
truck  and  covered  with  an  aluminum  roof.  These  two  trucks 
plus  a small  Dodge  truck  were  taken  to  Climax,  Colorado 
(altitude  3.4  km)  on  the  first  of  September  1949  Climax 
measurements  were  carried  out  in  September,  October,  Novem- 
ber, and  early  December,  after  which  the  trucks  returned  to 
Seattle  in  a blizzard.  Fig.  6 shows  the  trucks  on  location 
at  Climax. 

The  Seattle  measurements  were  obtained  in  May  and 
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Procedure 


Experimental  Arrangement 

The  experimer'al  arrangement-  shown  in  Fig  7 was 
used.  Counters  A,  B,  and  C are  in  coincidence  while  the 
counters  at  D and  E are  in  anticoincidence.  The  counters 
e t E were  placed  in  anticoincidence  fcr  the  purpose  of 
reducing  the  number  of  shower  pictures  obtained  since  only 
singly  occurring  tracks  were  of  importance  in  this  study. 

It  Is  apparent  that  only  those  particles  with  sufficient 
range  to  penetrate  the  lower  wall  of  the  cloud  chamber  and 
the  material  between  it  and  tray  C,  but  of  Insufficient 
range  to  trigger  one  of  the  counters  at  D will  be  photo- 
graphed The  minimum  material  between  the  sensitive  volume 
of  the  cloud  chamber  and  the  Geiger  tube  was  equivalent  to 
0.5  centimeters  of  lead,  which  provided  a convenient  minimum 
absorber  for  the  purpose  of  separating  mesons  from  protons. 

Since  the  experiment  was  designed  to  separate  protons 
having  various  momenta  (following  the  principle  illustrated 
In  Fig.  5)  It  was  necessary  to  obtain  particles  with  varying 
ranges.  The  moderating  lead  set  the  minimum  range,  counter 
C acting  as  a recording  mechanism  to  indicate  that  the  parti- 
cle had  actually  penetrated  the  lead.  Counter  D then  elim- 
inated all  particles  having  sufficient  range  to  penetrate 
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both  the  moderating  and  differential  lead.  The  momenta  of 
only  those  particles  stopping  in  the  differential  lead  were 
measured , 

Experiments  Performed 

Three  series  of  measurements  using  this  experimental 
arrangement  were  made  at  Climax,  Colorado  (altitude  3 4 kilom- 
eters) during  the  summer  and  fall  of  1949..  These  will  be 
referred  to  as  Cases  A,  3,  and  C The  only  difference  in 
the  series  Is  in  the  amounts  of  moderating  and  differential 
lead  (indicated  in  Pig.  7)  The  a iount  of  lead  in  the  three 
cases  is  shown  in  the  following  table: 

Case  ABC 

Differential  Lead  3 cm  10  cm  10  cm 

Moderating  Lead  051? 

In  addition  to  the  moderating  absorber  deliberately 
introduced  there  was  sufficient  material  to  be  equivalent  to 
an  additional  half  centimeter  of  lead  between  the  sensitive 
volumes  of  the  cloud  chamber  and  Geiger  tube  C. 

Two  additional  series  of  observations  were  made  at- 
sea  level  using  an  anticoincidence  tray  at  D that  was  rede- 
signed to  Increase  its  efficiency.  This  will  be  discussed 
later  in  this  report.  No  moderating  lead  was  used  in  either 
series.  The  first  of  these  series  (Case  D)  was  a repetition 
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at  sea  level  of  Case  A The  second,  mad<=  because  of  the 
extremely  low  Intensity  cf  proton?,  at  sea  level  used  10 
centimeters  of  differentia'.  l»ad 


Case 

Differential  Lead 
Moderating  Lead 


5 cm 
0 


10  cm 
0 


Kqul  pment- 

Due  to  the  extremely  varied  and  complex  nature  of  the 
equipment  used  in  this  investigation,  the  discussion  of  *:he 
apparatus  will  be  divided  into  the  following  sections: 


1.  The  cloud  chanter 

2 . ^he  magne I s 

3-  The  Geiger  tubes 
4 The  electronics 

5,  Equipment  for  analyzing  the  data 


Each  of  these  divisions  will  be  discussed  in  consider- 
able detail.  A description  of  the-  experimental  arrangement  as 
set  up  for  use  has  been  given  previously.  Most  of  the  compo- 
nent parts  of  the  equipment  have  been  described  elsewhere  (34, 
37)  . 
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The  Cloud  Chamber 

The  cloud  chamber  is  basically  a diaphragm  type  The 
design  of  the  chamber  is  unique  m that  the  expansion  chamber 
is  connected  to  the  sensitive  volume  by  a 2 x 10  inch  brass 
tube.  This  was  done  so  that  the  distance  between  magnet 
poles  could  be  kept  e.3  small  as  possible.  The  expansion 
chamber  and  the  sensitive  volume  are  each  of  fairly  standard 
design.  The  connecting  tube  introduced  special  problems 
since  the  assembly  acted  like  a Helmholtz  oscillator  causing 
local  overexpansions  which  prevented  normal  operation.  The 
technique  which  cured  this  effect  was  to  stuff  the  tube 
loosely  with  copper  wool  The  copper  wool  offered  enough 
additional  damping  so  that  any  remaining  oscillations  were 
30  3mall  that  they  did  not  give  overexpansions 

Tracks  formed  sufficiently  within  .02  seconds  after 
the  initiation  of  the  expansion  to  permit-  successful  photo- 
graphing of  them.  After  .05  seconds  delay,  the  tracks  were 
sufficiently  dense  so  that  accurate  curvature  measurements 
could  be  made.  Tracks  were  extremely  narrow,  being  only  .7 
millimeters  wide.  Satisfactory  momentum  measurements  to  a 
momentum  of  2-1/2  Bev/C  could  be  made 

The  cloud  chamber  was  filled  with  an  excess  of  a 
mixture  of  60  per  cent  normal  propyl  alcohol  and  40  per  cent 
water  as  a condensing  agent,  the  permanent  gas  being  argon 
at  a gauge  pressure  of  1.3  atmospheres.  Compression  of  the 
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cloud  chamber  was  accomplished  by  use  of  backing  air  at  a 
pressure  of  1,7  atmospheres  held  by  rowans  of  a magnetically 
activated  pop  valv°  wh !<■»■'  was  designed  w:*h  fast  operation 
as  the  principal  criterion  (the  moving  parts  were  held  to 
minimum  weights) . Expansion  was  accomplished  by  voiding  the 
backing  air  into  the  atmosphere  A capillary  was  provided 
in  the  air  supply  so  that  only  a small  amount  of  air  would 
flow  during  the  expansion  cycle.  Measurements  have  indicated 
that  the  expansion  was  essentially  complete  within  .01  second 
after  tne  detection  of  a desired  event. 

The  Magnets 

The  magnets  are  wound  from  0.25  x 0.80  inch  copper 
strip  and  are  contained  in  steel  housings,  which  with  the 
steel  cores  form  the  magnetic  circuits.  The  magnet,  inde- 
pendent of  the  supporting  framework,  weighs  about  2000 
pounds;  approximately  half  of  this  weight  is  steel  and  half 
is  copper.  When  operating  at  a field  strength  of  8200  Gauss, 
the  magnet  requires  a current  of  800  amperes,  giving  a total 
of  1.9  x 10^  ampere  turns.  Power  dissipation  under  these 
conditions  13  25  kilowatts.  The  original  calibration  of  the 
field  was  made  by  means  of  a flip  coil  mounted  on  the  axis  of 
the  magnets.  Exploration  of  the  field  uniformity  was  made 
using  a bismuth  spiral  and  Schmidt  bridge.  Errors  due  to 
non-uniformity  of  the  field  were  negligible  as  the  field 


varied  leas  than  1 per  ^n-.  throughout  the  Illuminated 
region  of  the  chamber. 

Cooling  or  the  magnate  was  effected  by  means  or 
rapidlv  circulating  oil  through  a system  of  baffles  that 
insured  a flow  of  oil  over  every  surface  of  the  buss.  The 
oil,  flowing  at  a rate  of  CO  gallons  a minute,  was  cycled 
In  a heat  exchanger  with  water  being  the  ultimate  agency 
for  carrying  away  the  heat  generated  in  the  magnets. 

The  temperature  was  controlled  by  means  of  a by-pass 
valve  which  permitted  a fraction  of  the  oil  to  circulate 
without  passing  through  the  heat  exchanger  The  by-pass 
valve  was  controlled  by  a small  two-phase  motor  operated 
by  a Brown  potentiometer  amplifie-  which  was  activated  by 
the  signal  f rom  a Wheatstone  bridge,  one  arm  of  which  was 
110  ohm  non-inductive  '■oil  wound  of  No  40  copper  wire 
immersed  In  the  oil  stream  at  the  intake  to  the  magnet 
cooling  system.  The  temperature  of  the  cooling  oil  flowing 
Into  the  magnets  was  constant  to  0,01  degrees  Centigrade. 
Since  the  temperature  control  of  the  input  oil  was  so 
constant,  the  cloud  chamber  was  placed  in  good  thermal 
contact  with  the  magnet  core,  resulting  in  extreme  constancy 
in  the  cloud  chamber  temperature. 

The  D,C.  current  was  obtained  from  a motor  generator 
set  that  furnished  BOO  amperes  at  2 8 volts.  The  cooling 
water,  supplied  by  the  Climax  Molybdenum  Company,  was  at  a 
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uniformly  low  temperature  and  was  a contributing  factor  to 

i 

the  fine  results  obtained 

i 

The  Geiger  Tubes 

The  Geiger  tubes  were  all  of  glass  wall  type.  An 
oxidized  copper  cathode  and  S mil  tungsten  anode  were  used 
in  all  of  the  tubes.  Pour  sizes  of  tubes  were  made,  sensi- 
tive volumes  of  these  tubes  being  3/4  x 6 inches,  1-1/4  x 
12  Inches,  1-1/4  x 18  inches,  and  1-1/4  x 24  inches  Springs 
were  placed  in  the  longer  tubes  in  order  to  take  up  the 
slack  when  the  central  wires  were  flashed  The  tubes  were 
filled  with  a mixture  of  10  per  cent  petroleum  ether  and  90 
per  cent  argon  to  a pressure  which  gave  an  operating  voltage 
of  1325  volts  (about  12-13  centimeters  of  mercury) . The 
counting  rate  was  constant  within  5 per  cent  over  the  3°°- 
volt  plateau. 

These  tubes  were  all  baked  out  several  hours  at 

_3 

about  500°C  under  a vacuum  of  10  mm  The  central  tungsten 

wires  were  heated  to  a bright  orange  by  an  electric  current 
for  half  an  hour  and  then  flashed  a brilliant  white  for  a 
few  seconds.  The  copper  was  oxidized  by  permitting  air  to 
enter  the  tube  while  it  waa  still  hot  Apparently  the  e^e^t 
arount  of  oxide  waa  not  critical  and  could  be  varied  from  an 
almost  invisible  layer  of  the  red  oxide  CU2O  to  a fairly 
heavy  brown  layer  which  probably  contained  some  CuO  The 
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tubes  which  failed  be:ause  of  overvoltage  or  old  age  could 
usually  be  revived  cy  pumping  out,  reflashing  the  wire  and 
refilling  The  efficiency  of  the  Geiger  tubes  was  found  to 
be  over’  99  per  cent  and  fhe  i-1/4  inch  tubes  had  an  approx- 

g 

imate  life  of  10  counts 

Four  channels  of  anticoincidence  tubes  were  provided 
so  that  the  dead  time  of  the  anticoincidence  tray  was  reduced 
to  a minimum.  This  comes  about  as  follows  When  a Geiger 
tube  fires,  the  voltage  across  the  tube  falls  below  the  lower 
level  of  the  Geiger  plateau  for  a period  of  100-200  micro- 
seconds. During  this  interval  all  of  the  Geiger  tubes  con- 
nected in  parallel  with  the  triggered  tube  are  inoperative. 

In  order  to  minimize  errors  of  lrcluslon  due  to  a particle 
passing  through  one  of  the  Inoperative  Geiger  tubes  the 
number  of  tubes  in  any  one  group  was  xept  low  so  that  the 
largest  possible  number  of  tubes  was  in  operation  at  all 
times.  Errors  from  this  source  were  of  the  order  of  1 per 
cent . 

The  Electronics 

The  electronic  circuits  may  be  divided  into  four 
parts:  an  event  selector,  a cloud  chamber  control,  a program 

unit,  and  an  auxiliary  high  voltage  flasher  supply. 

Event  Selector*  The  event  selector,  as  the  name 


implies,  chooses  an  event  which  triggers  the  proper  Geiger 
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tubes  in  the  coinc ide-tce  train  and  fails  to  trigger  any 
tubes  in  the  anticoincidence  train.  The  Rossi  type  coinci- 
dence circuit  has  throe  channels  which  may  be  switched  so 
that  a coincidence  will  be  registered  if  simultaneous  (within 
the  1.6  microsecond  'esolving  timi  of  the  unit)  pulses  are 
received  on  1,  2,  or  3 channels.  The  output  of  the  Rossi 
tube  is  fed  into  a univlbrator  which  delays  the  pulse  two 
microseconds  and  provides  a 1.6  microsecond  square  wave 
output.  This  pulse  is  fed  into  a mixer  tube  and  at  the  same 
time  initiates  circuits  which  record  the  coincidence.  The 
output  of  the  coincidence  and  anticoincidence  pulse  shapers 
are  fed  into  a selector  switch  which  permits  selection  of 
any  of  the  coincidence  or  anticoincidence  channels  or  the 
sum  of  all  four  anticoincidence  channels  for  the  purposes 
of  scaling  the  tubes  This  function  is  necessary  because 
it  permits  the  condition  of  the  Geiger  tubes  to  be  determined. 

The  anticoincidence  pulses  are  amplified  and  mixed. 
After  being  shaped  the  anticoincidence  pulse  is  fed  into  an 
anticoincidence  pulse  generator  which  furnishes  a 5 micro- 
second blanking  pulse. 

The  output  of  the  Rossi  coincidence  tube  and  the 
anticoincidence  pulse  generator  are  fed  into  a mixer  tube. 

If  no  anticoincidence  pulse  is  present  the  mixer  output  is 
fed  to  the  program  unit. 


43 


If  there  is  a simultaneous  coincidence  and  anticoin- 
cidence pulse,  the  coincidence  pulse  arrives  two  microseconds 
after  the  anticoincidence  pulse  and  lasts  only  1.6  microsec- 
onds. Thus  the  blanking  pulse  completely  blankets  the 
coincidence  pulse 

Cloud  Chamber  Control  Unit.  The  cloud  chamber  control 
unit  performs  the  following  services  upon  receipt  of  a signal 
from  the  program  unit: 

1.  Expands  the  chamber 

2.  Turns  off  the  clearing  field 

3.  Actuates  the  flash  lamp3,  after  a suitable  time 
delay 

4.  Rewinds  the  camera 

5.  Records  the  expansion 

6.  Turns  on  the  clearing  field 

7.  Recompresses  the  chamber 

8.  Provides  a time  delay  for  the  cloud  chamber  to 
recover 

Time  delays  cf  the  order  of  4 seconds  or  less  are 
provided  by  univibrators-  The  1-1/2  minute  sterilization 
delay  is  provided  by  a timing  motor.  The  photo  flash  timer 
is  varied  by  changing  the  capacitance  of  an  R-C  timer  in  a 
binary  system  so  that  any  delay  between  .0  second  and  .16 
second  in  steps  of  .01  u-’cond  may  be  obtained  by  a proper 
manipulation  of  the  four  on-off  switches. 
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The  Program  ■ . fn-j  program  um*-  provides  lor 
operation  of  two  mpare cloud  chambers  as  desired  from 
el tiier  cl  two  event  selector  units  and  it  also  permit <*  the 
intercom  ec*  ion  of  the  two  u:.‘‘ s 

In  addition  to  th^  programming  of  the  chamber  control 
u*its  tills  chassis  carries  the  registers  for  recording  the 
number  of  coincidences  and  coincidence  minus  anticoincidences 
''von  ac-b  overt  selector.  A binary  scale  of  16  is  included 
lor  e purpose  of  scaling  the  Geiger  tubes  on  each  of  the 
char--? Is.  A Geiger  voltage  supply  capable  of  furnishing 
16C0  volts,  cut  which  is  limited  to  about  14^0  volts  for 
the  protection  of  the  Geiger  tubes  was  constructed  by  using 
a small  radio  frequency  oscillator  and  tank  circuit. 

Tne  binary  scales  a-e  of  xtreme  interest  since  they 
are  completely  stable-,  ’rouble  free,  anc  manufactured  in 
packaged  u.nit3  with  no  tailoring  neces  >.a-y . The  units  were 
manufactured  with  the  idea  mat  if  or  failed  It  would  be 
cheaper  to  discard  rather  than  repai  it.  This  procedure, 
however,  has  r.ot  been  followed  as  o:  . y one  scaler  has  failed 
In  three  years,  and  this  was  due  t ; i allure  of  the 
ceramic-  ir.  a tubular  mnden3°r  ~ a possibility  has  been 
eradicated  by  changing  the  comp c: 

The  High  Voltage  Flas.b  r >h_y . The  secondary  current 
of  a high  voltage  trare rormei  rifled  by  a 2X2  diode 
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and  fed  into  a baric  of  4-3?  microfarad  condensers  which 
charged  to  ?5C0  -’olts.  Thft  400  ,'ouics  stored  in  these 
condensers  was  dissipated  through  the  four  flash  lamps, 

Illumii  itior  and  Photography 

Illumination  was  provided  bv  four  high-speed  R 4340 
Sylvania  flash  1 a.mp3  which  dissipated  100  Joules  each  per 
flash  Each  lamp  was  fitted  with  an  aluminum  foil  reflector 
and  a 2-1/2  x 6 Inch  cylindrical  plastic  collimating  lens 
of  3-1/?  Inch  focal  length,  which'  was  focused  so  that  the 
Image  of  the  lamp  was  at  the  far  side  of  the  cloud  chamber. 
The  power  supply  for  the  flash  lamps  consisted  of  four  32 
microfarad  capacitors  which  were  charged  through  a 2X2 
high  voltage  diode.  The  ignition  pulse  was  obtained  from 
the  secondary  of  an  automobile  ignition  ;oll  excited  by  the 
discharge  of  a th.yratron  through  the  primary.  The  resulting 
pulse  had  an  extremely  high  voltage,  ;t  the  overvoltage 
keeps  the  tubes  active  far  beyond  th°  normal  life.  The 
camera  used  was  especially  made  for  is  task  around  an 
f4.5  Ektar  lens.  Approximately  43'"  \ ctures  of  the  cloud 
chamber  were  obtained  on  each  100  o.v  roll  of  35  mm  film. 

It  has  been  found  that  clear  bare-  lonagraph  Ortho  film  is 
the  most  satisfactory  for  this  use  ••  ince  it  gives  a good 
contrast  at  high  film  speed  arx  has  a fine  grain. 
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IV 

CURVATURE  MEASUREMENTS 
rhe  Standard  Curves 

The  curvatures  of  the  tracks  were  measured  by  com- 
parison with  standard  curves  which  were  prepared  as  follows: 
An  arc  of  an  ellipse  which  closely  approximated  a circular 
arc  of  the  proper  radius  was  inscribed  in  a heavy  layer  of 
Aquadag  on  a 4 x 7 glass  plate  by  means  of  an  Evans  linkage. 
The  glass  plate  was  then  moved  -7  millimeter  and  a second 
curve  of  the  same  radius  was  inscribed.  The  result  was  a 
pair  of  parallel  arcs  separated  by  .7  millimeter.  These 
arcs,  of  which  there  were  several  pairs  per  plate,  were 
photographed  using  th«  same  camera  that  was  used  to  photo- 
graph the  cloud  chamber  tracks  and  with  the  same  distance 
between  the  camera  and  the  plates  as  was  used  in  the  cloud 
chamber  photography.  The  35  mm  negatives  were  projected 
through  a machinist's  comparator  onto  one  half  of  a 5 x 7 
Kodak  33  plate.  Positive  prints  were  made  by  contact 
printing  on  a second  5x7  Kodak  33  plate  which  was  then 
cut  lengthwise  so  that  each  group  of  standard  curves  was 
on  a 2-1/2  x 7 glass  plate.  A strip  of  cellophane  tape 
was  put  on  the  emulsion  at  each  end  so  it  would  not  be 
abraded  by  the  ground  glass  of  the  comparator. 


''ompari  son  Me-  t-t  ojs 


The  machinist's  comparator  was  fitted  with  a rotat- 
ing 35  ram  film  holder  and  a cooper  illumination  source  for 
project -on  The  image  was  prcjec*ed  through  an  14  . s,  50  rm 
Fktar  projection  lens,  similar  to  that  used  in  the  camera, 
vi'to  the  grourd  glass  screen  of  -he  comparator „ The  actual 
measurement  consisted  of  matching  the  projection  of  the 
track  to  the  pair  of  curves  having  the  same  radius  of  curv- 
ature, whence  the  curvature  of  the  original  track  was 
Immediately  known. 

Although  this  method  of  measurement  did  not  allow  as 
precise  a determination  of  the  curvature  of  any  single  track 
as  careful  sagittal  measurement,  -he  method  did  permit  fairly 
accurate  measurements  of  «-he  large  numb*  - of  tracks  required 
in  this  study  within  a reasonable  length  of  time. 


48 


V 

DATA 

The  tracks  to  be  measured  were  required  to  conform 
to  the  following  criteria: 

1.  The  track  must  be  singly  occurring  except  for 
tracks  that  are  not  coincident  In  time,  such  as 
old  or  post-expansion  tracks. 

2.  The  track  must  be  counter  controlled.  The  very 
few  single  tracks  which  passed  through  the 
clamber  at  such  an  angle  that  they  apparently 
did  not  trigger  both  counters  were  considered 
to  be  a part  of  a shower. 

The  track  must  be  at  least  15  centimeters  long. 

The  implications  of  the  first  criterion  are  manifold. 
First,  it  discriminates  against  dense  showers  and,  in  fact, 
against  the  electronic  component  in  general.  The  2.5  centi- 
meters of  lead  above  the  chamber  give  a high  probability  for 
the  multiplication  of  the  electronic  component.  From  the 
data  of  1948  it  is  apparent  that  nearly  all  of  the  electronic 
component  is  eliminated  in  this  manner.  In  addition,  the 
single  track  criterion  strongly  discriminates  against  stars 
formed  in  the  material  directly  above  the  chamber,  but  does 
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not  strongly  discriminate  against  stars  formed  some  distance 
above  the  chamber  due  to  the  spreading  of  the  particles.. 

Both  of  these  results  are  desirable,  since  the 
characteristics  of  the  undisturbed  radiation  were  desired. 
The  second  criterion  affects  only  a few  tracks  and  tends  to 
further  discriminate  against  the  electronic  component.  The 
third  criterion  should  not  affect  any  component  preferen- 
tially . 

The  curvature  of  the  tracks  was  measured  by  compar- 
ison with  standard  curves  as  noted  before.  There  were 
twenty-four  standard  radii  which  fell  on  an  exponential 
curve  connecting  O.316  meter  and  10  meters.  These  radii 
are  given  in  Table  I.  The  tracks  were  classified  as  being: 
equal  to  one  of  the  standard  curves,  between  two  curves, 
greater  than  10  meters  ^abbreviated  by  calling  it  infinite 
radius)  or  less  than  0.316  meter.  T.1  3,  there  were  forty- 

nine  radius  intervals  into  which  the  racks  were  classified. 
During  the  measurements  the  standard  curves  were  designated 
by  letters  as  a means  of  convenienc * 

The  number  of  tracks  fall! rig  into  each  class  repre- 
sents the  momentum  distribution  o‘  the  cosmic  rays  which 
stop  in  the  range  interval  for  whi'.'r  the  experiment  was 
set  up. 

Since  P = 300  H/f  and  - : 100  for  these  experiments, 
it  follows  that  P - 0.25f  within  2 per  cent,  if  p is 
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expressed  m Bev  r. . 

Due  " o th*  fact  that  tne  ■.  urvatu.^e  measurements  are 
somewhat  unceitalr.  and  duc  f?  *■  *e  3f-2t'  :*>•; -veal  n&tur*.  the 
study,  it  it  advt  sal  le  to  group  several  or  the  or.gina. 
forty-r.ne  divisions  together  i.r  ord^r  to  obtain  better  def- 
inition oh  the  individual  points.  In  this  manner  Tables  II 
to  VI  were  const  urted.  As  an  alternate  method  of  expression, 
these  data  are  plotted  in  Figs.  8 to  12,  where  the  rate  is 
computed  from  the  formula 


R is  the  rate  in  particles  oer  Bev/C  per  ster.  per 
cm-  per  hr 

L Is  the  total  number  of  tracks  measured 

C Is  the  coincidence  rate  in  particles  per  hour 

n 13  the  number  of  measured  _ik3  in  the  momentum 
interval 

M Is  the  momentum  Interval 
F is  the  total  number  of  fr-5  - s 
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TABLE  I 

RADII  OP  STANDARD  CURVES 


Letter 

Rad,  Curv. 
(meters) 

Letter 

Rad . Curv 
(meters) 

A 

0,316 

M 

1.74 

B 

0.400 

N 

1.94 

C 

0.515 

0 

2.16 

D 

0.583 

P 

2.42 

E 

0.661 

Q 

2.73 

P 

0.751 

R 

3.08 

G 

0.852 

S 

3.51 

H 

O.966 

T 

4.06 

I 

1.09 

U 

4.81 

J 

1.23 

V 

5.85 

K 

1.39 

w 

7.41 

L 

1.56 

X 

10.00 

I 


I 
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TABLE  II 

MOMENTUM  SPECTRUM 
CASE  A 

Elev.  3 A km  - Climax 
Oct  - Nov  1949 

Moderating  Lead  0 cm 

Differential  Lead  5 cm 


Tracies 


Positives 

400 

Average  yield 

Negatives 

157 

C-A  rate  per  hour 

Infinite  - no  sign 

44 

Single  track  rate 

Total  measured 

601 

Conversion  factor 

Total  frames 

Run 

36.7* 
13.0  t 0.2 

0.0318 

1,2,5,6,9,10 


No.  of 
Particles 


Radius  of 

Curvature  + Rate  - Rate  Momentum 

Particles  hr-1 

meters  cm-2  (Bev/C)-1  ster~l  Bev/C 


0 -A 

3.5 

9 

0.2 

0.4 

+ 

0.2 

0.9 

+ 

0.3 

.05 

A-C 

12 

22.5 

0.42 

1.9 

+ 

0.5 

3.6 

+ 

0.8 

.105 

C-P 

38.5 

44 

O.63 

5.1 

t 

0.8 

5.8 

t 

0.9 

.151 

P-H 

16.5 

24 

0.86 

2.5 

t 

0.6 

3.5 

± 

0.7 

.215 

H-J 

16.0 

12 

1.10 

2.0 

± 

0.5 

1.5 

+ 

0.4 

.275 

J-L 

15.0 

11 

1.40 

1.4 

i 

0.3 

1.1 

± 

0.3 

.350 

L-N 

3^.5 

4 

1.75 

2.9 

± 

0.5 

0.33 

± 

0.15 

.488 

N-0 

77-5 

5.5 

2.18 

5-1 

± 

0.5 

O.36 

+ 

0.2 

.5^5 

P-R 

65.5 

3 

2.75 

3.2 

± 

0.4 

0.15 

+ 

0.08 

.688 

R-T 

46.5 

4 

3-57 

1.5 

+ 

0.2 

0.13 

+ 

0.06 

.892 

T-V 

37.0 

1.5 

4.96 

0.66 

t 

0.1 

0.02 

1.24 

V-X 

24  .5 

5.5 

7-93 

0.19 

4. 

0.04 

0.04 

1.90 
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TABLE  III 

MOMENTUM  SPECTRUM 
CASE  B 

Elev„  3*4  km  - Climax 
Oct  - Nov  1949 

Moderating  Lead  5 cm 

Differential  Lead  10  cm 


Positives 

Tracks 

482 

Average 

yield 

58.9* 

Negatives 

231 

C-A  rate  per  hour 

13-6 

Infinite  - 

no  sign  20 

Single 

track  rate 

Total 

Measured 

733 

Conversion  factor 

0.044 

Total 

frames 

1812 

Runs 

10,11 

*12,13*14 

No.  of 
Particles 

Radius  of 
Curvature 

+ Rate 

- Rate 

Momentur- 

+ 

- 

meters 

Particles  hr" 
cm"2  (Bev/C)- 

1 ster"1 

1 

Bev/C 

0-A 

0 

0 

0-2 

0 

0 

.05 

A-C 

0 

1.5 

0.42 

0 

0.3  t o.2 

.105 

C-P 

4.5 

0.5 

O.63 

0-8  * 0.3 

0.1 

-151 

P-H 

35 

11-5 

0.86 

7-0  t 1.0 

2.3  t 0.7 

.215 

H-.T 

63 

58 

1.10 

10.7  t 1.3 

9.7  t 1.3 

.275 

J-L 

71.5 

58.5 

1.40 

9-5  t 1.1 

7.8  + 1.0 

.350 

L-N 

34.5 

36 

1.75 

4.0  t 0.7 

4.2  1 0.7 

.488 

N-P 

26.5 

22-5 

2.18 

2.4  ± 0.5 

2.1  * 0.4 

.545 

P-R 

57.5 

16 

2.75 

3.8  ± 0.5 

1.1  ± 0.3 

.688 

R-T 

77.5 

9.5 

3o7 

3-5  * 0.4 

0.4  ± 0.1 

.892 

T-V 

50.5 

7 

4.96 

1.2  ± 0.1 

0.2  ± 0.1 

1.24 

V-X 

41-5 

4.5 

7-93 

0-5  ± 0.1 

0.1 

1.98 
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TABLE  IV 

MOMENTUM  SPECTRUM 
CASE  C 

Elev.  3,4  km  - Climax 
November  1949 

Moderating  Lead  15  cm 

Differential  Lead  10  cm 


Tracks 

Positives 

414 

Average  ; 

yield 

62. 4£ 

Negatives 

265 

C-A  rate 

per  hour 

9.2  ± 0.4 

Infinite  - 

no  sign 

Conversion  factor 

0.0307 

Total 

measured 

Runs 

15,16,17,18 

Total 

frames 

1744 

No. 

of 

Radius  of 

Particles 

Curvature 

+ Rate 

- Rate 

Momentum 

Particles  hr-^ 

+ 

- 

meters 

cm*2  (Bev/C)_1 

»»ter~* 

Bev/C 

0-A 

3 

0 

0.2 

0.2 

0 

• 05 

A-C 

0 

0 

0.42 

0 

0 

.105 

C-P 

0 

1 

0.63 

0 

0 

.151 

P-H 

0 

0 

0,86 

0 

0 

.215 

H-J 

1 

1.5 

1.10 

0.1 

0.2 

-275 

J-L 

31 

18.5 

1.40 

2.9 

1.7 

.350 

L-N 

76.5 

63.5 

1.75 

6.2 

5.1 

.488 

N-P 

50.5 

64.5 

2.18 

3-2 

4.1 

.545 

P-R 

53 

41 

2.75 

2.5 

1-9 

.688 

R-T 

48 

29-5 

3.57 

1.5 

0.9 

.892 

T-V 

78 

19 

4.96 

1.3 

0.3 

1.24 

V-X 

73 

26 

7.93 

0.5 

0.2 

1.98 

I 
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TABLE  V 

MOMENTUM  SPECTRUM 
CASE  D 

Sea  Level  - Seattle 
April,  May  1950 

Moderating  Lead  None 
Differential  Lead  5 cm 


Tracks 


Positives 

383 

C-A  rate 

per  hour 

2.3 

t .05 

Negatives 

235 

Single  track  rate 

I ..02 

Infinite  - 

no  sign  22 

Conversion  factor 

0.0064 

Total 

measured 

640 

Runs 

S- 

1,2, 3, 4 

,5,6,7 

Total 

frames 

No. 

of 

Radius  of 

Particles 

Curvature 

+ Rate 

- Rate  Momentum 

Particles  hr  1 

+ 

- 

meters 

(Bev/C) 

ster" 

•1 

Bev/C 

0-A 

12.5 

12 

0.2 

0.3 

t .08 

0.3 

t .08 

.05 

A-C 

2b. 0 

37 

0,4 16 

0.9 

± .16 

1.2 

t .2 

.104 

C-P 

72.5 

70.5 

0.633 

2.0 

1 .2 

1.9 

t .2 

.158 

F-H 

53-0 

44.5 

0.859 

1.6 

± .2 

1.3 

± .2 

.215 

H-J 

13.0 

11.5 

1.10 

0.5 

± .16 

0.4 

± .1 

• 275 

J-M 

24.0 

9.5 

1.49 

0.3 

1 .06 

0.12 

± .04 

•373 

M-P 

32.0 

13.0 

2.08 

0.3 

* .05 

0.12 

t .03 

.520 

P-S 

37=0 

6-5 

2.97 

0.22 

± .04 

0.04 

± .015 

.743 

S-U 

25.5 

3-5 

4 . 16 

0,13 

1 .02 

0.02 

± .01 

1.04 

U-W 

29.5 

8.5 

6.11 

0.07 

t .01 

0.02 

± .007 

1.53 

W-X 

22.0 

7.5 

8.7 

0.05 

i .01 

0.02 

± .006 

2.18 

i 

i 


! 
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TABLE  VI 

MOMENTUM  SPECTRUM 
CASE  E 

Sea  Level  - Seattle 
June  1950 

Moderating  Lead  None 
Differential  Lead  10  cm 


Tracks 

Poaitlvea 

454 

C-A  rate 

per  hour  3.48 

t .14 

Negatives 

318 

Single 

track  rate  I.76 

t .09 

Infinite  - 

no  sign  12 

Conversion  factor  < 

0.0090 

Total 

measured 

784 

Runs 

B-1,2,3 

,4,5,6 

Total 

frames 

2250 

No, 

of 

Radius  of 

Particles 

Curvature 

+ Rate 

- Rate  Momentum 

Particles  hr 

-1 

+ 

- 

meters 

cm“2  (Bev/C) 

-1 

ster~l 

Bev/C 

0 -A 

12 

12.5 

0.2 

0.34  t .1 

O.36  t .1 

.05 

A-C 

25-5 

32 

0.416 

1.15  t .23 

1.45  ± .26 

.104 

C-P 

58.5 

65 

0.633 

2.23  ± .29 

2.48  ± .31 

-158 

P-H 

74.5 

88,5 

Os  86 

3-12  t .37 

3.70  + .40 

.215 

H-J 

79.5 

69 

1.10 

2.71  ± .31 

2.35  * -28 

.275 

J-M 

28.5 

17.5 

1.49 

0.50  ± .09 

0.31  ± .07 

• 373 

M-P 

25 

11 

2.08 

0.33  ± .07 

0.15  ± 0O5 

.520 

P-S 

47 

6 

2.97 

O.39  t .06 

0.05 

.743 

s-u 

41 

2.5 

4-16 

0.28  ± .04 

0.02 

1.04 

u-w 

25 

2 

6.11 

0.09  ± .02 

0.01 

1.53 

w-x 

12 

1.5 

8.7 

0.04  ± .015 

0.01 

2.18 

# 


i 


1 

1 


l 

1 
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ERRORS  AND  CRITICISMS 


The  most  cogent  criticisms  of  this  work  are,  first,  the 
inclusion  of  counter  C,  and,  second,  the  design  of  the  anti- 
coincidence  tray  D„  Any  advantage  obtained  by  the  third 
coincidence  tube  In  the  elimination  of  showers  la  overshadowed 
by  scattering  losses  of  mesons  and  by  scattering  and  nuclear 
losses  of  protons.  Secondly,  the  anticoincidence  coverage 
in  tray  D was  borderline.  Although  It  sufficed  for  the  five 
centimeter  case,  the  results  of  other  cases  are  somewhat 
more  doubtful.  It  wa3  clearly  realized  after  the  3.4  kilom- 
eter data  were  plotted  that  any  attempt  to  measure  the  sea 
level  proton  flux  would  certainly  meet  with  little  success 
unless  the  anticoincidence  tray  was  redesigned  completely. 

Some  fourteen  tubes  were  Included  In  the  new  model  (shown  In 
Pig-  13)  which  gave  far  more  complete  coverage  than  the  one 
used  at  3.4  kilometers.  Due  to  the  large  area  covered  by  the 
tubes,  IN34  germanium  crystal  diodes  were  put  In  the  Input  of 
each  Geiger  tube  in  order  to  Isolate  the  tube  from  the  rest 
of  the  tray.  This  resulted  In  a minimum  leakage  of  particles 
due  to  dead  time  of  the  tubes.  The  cutoff  Is  seen  to  be  far 
better  than  with  the  previous  anticoincidence  tray.  The 
advantages  derived  from  the  elimination  of  tray  C was  so  great 
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that  the  way  is  clearly  pointed  towards  a new  experiment 
which  has  as  a basic  philosophy  the  separation  of  protons 
from  mesons  by  their  nuclear  reaction,  a process  that  has 
been  utilized  here  as  a secondary  method  for  which  the  exper- 
iment was  not  designed.  This  approach  forms  the  basis  of  a 
succeeding  experiment  which  is  not  a part  of  this  experiment. 

The  question  of  the  electronic  component  will  be 
considered  before  scattering  corrections.  The  total  single 
track  spectrum  and  the  single  track  spectrum  under  various 
layers  of  lead  were  found  in  1948  using  the  same  cloud 
chamber  and  a counter  telescope  consisting  of  counters  A 
and  B (references  34,37).  It  was  found  that  the  high  peak 
due  to  electrons  was  entirely  gone  when  the  spectrum  of 
singly  occurring  tracks  was  measured  under  5 centimeters 
of  lead.  Further  increases  in  the  lead  absorber  above  the 
cloud  chamber  did  not  change  the  shape  of  the  spectrum 
appreciably.  The  layer  of  lead  above  the  chamber  was 
decreased  to  2.5  centimeters  for  the  present  svudy.  Com- 
parison of  the  meson  peak  of  Fig.  1 with  the  meson  spectrum 
found  in  the  previous  work  (given  in  Fig.  4)  shows  that  few, 
if  any,  electrons  are  Included  in  the  present  work.  Further 
evidence  is  obtained  from  the  negative  meson  intensity  at 
higher  momenta.  Positrons  and  negatrons  would  have  about 
the  same  behavior  in  passing  through  matter.  In  any  event, 
the  flux  of  positrons  should  not  be  greater  than  negatrons 
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at  high  momenta,  but  the  spectrum  of  negative  particles 
shows  that  this  Intensity  must  be  small. 

The  proton  Intensity  among  those  particles  stopped 
In  0.5  to  5-5  centl'i'e*  e-s  of  lead  In  an  Ideal  experiment 
should  be  the  Intensity  of  the  positive  curve  above  the 
meson  cutoff.  An  error  of  Inclusion  occurs  when  a particle 
passes  through  counters  A,  B,  and  C and  scatters  In  the 
dlf ferentlal  lead  in  such  a manner  that  It  fails  to  trigger 
one  of  the  anticoincidence  counters  D.  This  effect  Is 
small  (its  magnitude  Is  measured  by  the  magnitude  of  the 
negative  curve  at  high  momenta).  The  correction  for  this 
effect  Is  to  subtract  the  negative  curve  from  the  positive 
curve.  This  assumes  that  the  positive  excess  is  one,  an 
assumption  that  does  not  have  to  be  rigorously  correct, 
since  the  residual  negative  curve  Is  so  small  compared  to 
the  positive  curve  that  a positive  excess  of  1.5  or  more 
would  not  change  the  measured  proton  flux  appreciably. 

Errors  of  exclusion  occur  when  a particle  passes 
through  counters  A and  B and  scatters  in  the  moderating 
absorber  in  such  a manner  that  it  fails  to  reach  counters 
C.  The  computation  of  this  effect  will  now  be  carried  out. 

An  approximation  method,  based  on  the  diffusion 
equation  given  by  Rossi  and  Oreisen  (5)  will  be  used.  The 
assumption  made  la  that  if  a particle  is  displaced  laterally 
to  the  edge  of  the  counter  it  can  be  considered  lost.  This 
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1 8 not  a true  picture,  since  the  particles  at  this  point  will 
travel  In  all  directions,  but  this  effect  is  compensated  by 
those  particles  which  are  not  displaced  this  far  but  travel 
in  such  direction  as  to  miss  counters  C. 

Equation  1,6^  of  Rossi  and  Greisen  is 

r°°  fs  w -M-*LL2l] 

tj/z  e L i t*  J 


LA/  - 


2 /t? 

F<- 


where 


= a characteristic  energy  with  a numerical 
value  of  21  Mev 

= the  depth  of  the  absorber,  measured  in  terms 
of  radiation  lengths  equal  to  5.9  gm/cm^ 

= lateral  displacement  in  cm 


The  computation  will  be  carried  through  for  case  C first, 
since  it  is  the  only  one  that  has  significant  scattering 
corrections.  The  lateral  displacement  required  to  miss 
counter  C is  approximately  3»l8  cm,  hence  the  particles 


lost  are  given  by 
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A change  of  ^arisbles  simplifies  the  pronlem. 
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For  case  C 

. 4<X-%r  /»y  (/T3)  * 

X*  = 5-9  centimeters  of  lead 

£ = *5 -3  - 30.2  radiation  lengths 

5*9 


The  value  of  W is  found  first  for  the  meson  peak  for  which 


p = 450  Mev/C 
E = 400  Mev/C 


Then 


1* 

h/ 
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Numerical  evaluation  of  the  lower  limit  of  integration  gives 
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This  integral  is  the  Gaus3lan  distribution  integral 
and  is  evaluated  in  many  tables  (40) . Prom  the  tables  S ■ 
0.4. 

If  this  correction  is  applied  to  the  negative  meson 
peak,  it  is  found  to  coincide  with  the  momentum  spectrum 
found  in  1948  by  Miller,  Henderson,  et  al. 

A similar  correction  must  also  be  computed  for 
protons.  The  detail  will  not  be  given  here,  since  it  1b 
similar  to  the  above  computation.  The  correction  factors 
derived  from  such  computations  are  tabulated  below: 


Case 


Mesons 


Protons 


A 1.00 

B 1.01 

C 1.66 


1.00 

1.00  (750  Mev/C) 
1.28  (800  Mev/C) 
1.16  ( 1 Bev/C) 

1.06  (1.25  Bev/C) 


Thus  it  is  seen  that  this  particular  scattering 
correction  is  necessary  only  in  case  C. 

The  right  hand  aide  of  the  second  peak  does  not  fall 
off  as  rapidly  as  would  be  expected  because  of  small  angle 
scattering.  It  was  noted  in  the  experimental  method  that  it 
could  be  expected  that  some  very  high  momentum  protons  would 
be  stopped  in  the  differential  lead.  As  the  differential 
lead  is  increased,  the  number  of  protons  penetrating  the 
absorber  is  in  agreement  with  an  exponential  absorption  law, 
thus  verifying  the  hypothesis  that  protons  absorbed  by 
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catastrophic  collisions  are  the  cause  of  the  high  counting 
rate  above  1 Bev/C„  The  proton  intensities  found  in  the 
three  cases  are  plotted  in  Figs.  14  to  16. 

There  is  one  more  correction  to  the  proton  spectrun 
which  will  be  evaluated,  but  which  is  not  included  in  the 
curves,  which  give  the  proton  spectra  in  the  chamber  itself. 
Those  protons  absorbed  in  the  material  up  to  counter  C will 
not  be  recorded.  This  absorber  i3  equivalent  to  about  three 
and  one-half  centimeters  of  lead  or  about  a quarter  of  a 
mean  free  path.  The  intensity  in  the  atmosphere  should  then 
be  about  1.28  times  the  intensity  reported  here. 


:ntum  spectrum 

PROTONS  - 3.4  K 

;m  shower  lead 


MENTUM  IN 


2 5 CM  SHOWER  LEAD 
CASE  B 


MOMENTUM  SPECTRUM 
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VII 

RESULTS 

Discussion  of  Momentum  Distribution  Pound 

The  momentum  distribution  of  those  particles  which 
have  ranges  between  0„5  and  5-5  centimeters  of  lead  (Pig.  9) 
shows  two  peaks  for  positive  particles  and  only  one  peak  for 
negatives.  If  the  left  slope  of  the  second  peak  is  continued 
to  intersect  with  the  axis,  it  i3  found  that  the  zero  of  the 
extrapolated  curve  Is  at  300  Mev/C,  which  is  Just  the  momen- 
tum a proton  would  have  to  have  to  penetrate  from  the  sensi- 
tive volume  of  the  cloud  chamber  to  the  sensitive  volume  of 
counter  C„  Beyond  the  second  peak  the  positive  intensity 
is  always  measurably  higher  than  the  negative  intensity.  A 
meson  having  a momentum  greater  than  200  Mev/C  should  pene- 
trate the  5-5  centimeters  of  lead,  trigger  the  anticoincidence 
counter,  and  thus  not  be  photographed.  It  is  true  that, 
although  the  slope  on  the  right  side  of  the  peak  is  very 
steep,  it  is  still  far  from  vertical.  This  finite  slope  is 
largely  due  to  scattering  In  the  5 centimeter  layer  of  lead 
and  also  due  to  some  leakage  through  and  around  the  anti- 
coincidence  tray  D.  The  effect  of  scattering  has  already 


been  discussed. 
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The  following  two  facts  indicate  clearly  that  the 
particles  causing  th * a peak  are  actually  protons.  First, 
the  second  peak  occurs  only  in  the  positive  spectrum,  and 
second,  the  low  momentum  cutoff  is  at  the  momentum  that  a 
proton  would  require  to  get  from  the  sensitive  volume  of  the 
cloud  chamber  to  the  sensitive  region  of  tray  C „ Ionization 
density  checks  show  that  many  of  these  particles  are  heavily 
ionizing  but  that  not  all  protons,  even  of  relatively  low 
momenta,  could  have  been  picked  out  in  this  manner. 

The  Proton  Spectrum 

The  proton  spectrum  found  at  3-4  kilometers  is  shown 
in  Fig . 17.  This  was  obtained  by  adding  the  spectra  found  in 
cases  A,  E,  and  C,  It  is  this  addition  which  adds  to  the 
statistical  errors  of  the  final  estimate.  An  experiment 
designed  to  make  use  of  nuclear  Interactions  rather  than 
ionization  absorption  would  avoid  this  addition  and  hence 
would  reduce  the  statistical  uncertainti: s . A correction 
for  the  protons  which  are  not  absorbed  by  nuclear  interaction 
as  they  pass  through  the  lead  has  been  made  at  momenta  above 
1.25  Bev/C. 

The  proton  spectrum  at  sea  level  (Fig.  18)  has  been 
computed  for  those  protons  absorbed  in  10  centimeters  of 
lead,,  Only  about  60  per  cent  of  the  number  of  protons  above 
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750  Mev/C  are  absorbed  in  the  lead. 

The  various  corrections  mentioned  In  the  appropriate 
sections  have  all  been  made  In  these  curves. 

The  Meson  Spectrum 

If  the  proton  momentum  spectrum  is  subtracted  from 
the  momentum  spectrum  of  positive  particles  under  5 centi- 
meters of  lead  found  by  Miller,  Henderson,  et  al,  a second 
approximation  to  the  true  meson  flux  Is  obtained.  The  cor- 
rected meson  spectrum  Is  shown  in  Pig.  19.  The  positive  and 
negative  meson  spectra  then  coincide  up  to  a momentum  of 
1 Bev/C  (and  within  statistics  up  to  1.25  Bev/C) . After 
this  momentum  has  been  exceeded,  there  appears  to  be  a real 
positive  excess.  One  possible  explanation  of  this  is  that 
if  a proton  and  neutron  Interact  In  a simple  exchange  col- 
lision, the  proton  would  still  have  a high  probability  of 
completely  traversing  the  remaining  lead.  Another  possibil- 
ity Is  that  mesons  of  sufficient  energy  to  traverse  the 
remaining  lead  are  generated  in  the  nuclear  collisions. 
Examination  of  the  energy  equation  indicates  that  such 
transitions  are  possible.  That  similar  events  occur  in  the 
upper  atmosphere  has  been  amply  verified  (see  references  22, 
23,24).  The  net  result  of  such  processes  would  be  that  the 
path  length  for  removal  would  be  increased,  which  would  lead 
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to  too  low  an  estimate  of  the  proton  flux.  If  such  processes 
are  the  correct  explanation  of  the  positive  excess  shown  above 
1.25  Bev/C,  then  the  cross-section  for  such  events  Is  approx- 
imately half  the  total  cross-section  for  interaction  of  protons 
having  a momentum  of  about  2 Bev/C  with  lead  nuclei. 

Mean  Free  Path  in  Lead 

A mean  free  path  for  protons  in  lead  can  be  computed 
from  the  results  of  the  present  investigation,  but  the  prob- 
able error  is  nearly  twice  that  quoted  for  the  counter  stud- 
ies. The  direct  evaluation  of  this  problem  requires  the 
solution  of  a fifth  degree  equation;  however,  an  approximate 
calculation  will  give  enough  information  to  permit  a second 
order  approximation.  Th-  solution  depends  on  the  comparison 
of  the  number  of  protons  stopping  In  5 centimeters  of  lead 
with  high  enough  momenta  so  that  they  would  penetrate  the 
lead  if  only  ionization  losses  were  important,  compared  to 
those  stopping  in  25  centimeters  of  lead.  The  results  of 
case  C will  be  corrected  for  scattering  as  noted  in  the 
previous  discussion. 

Talcing  those  protons  with  momenta  equal  to  or  greater 
than  690  Mev/C  (slightly  higher  than  the  ionization  loss  cut- 
off) , the  integrated  proton  flux  in  the  three  cases  is  as 


follows: 
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Case  A Case  B Case  C 

Proton  Flux  5,11  8.27  4.32 

(cra-2  sterad-!  hr~l) 

-1-2  1 

The  sum  of  all  three  is  15-14  protons  (Bev/C)~  cm'  sterad- 
hr-1 

Then  - A 

5.11  = 17-72  x (1  - e~'J/  ) 

L = 14  7 cm  or  169-5  t 30  gm/cm^ 

When  the  results  are  corrected  for  transmission  of  protons 

through  the  25  centimeters  of  lead,  the  mean  free  path  is 
2 

174  t 30  gm/cm  „ The  results  of  case  B permit  a check  on 

this  figure.  The  mean  free  path  computed  from  this  case  is 

2 

in  excellent  agreement  with  174  gm/cra  . The  value  is  some- 

2 

what  higher  than  the  160  gm/cm  usually  quoted  for  the  "N" 
component,  but  the  statistical  uncertainties  are  so  great 
that  the  difference  Is  not  significant.  This  measurement 
is  of  sufficient  Importance  that  a direct  study  of  the  problem 
using  an  experiment  designed  for  the  direct  study  of  nuclear 
absorption  is  desirable,  as  the  probable  error  would  be 
reduced  by  a factor  of  two  or  more,  especially  at  higher 
momenta . 

Mean  Free  Path  of  the  "N"  Component  in  the  Atmosphere 

The  proton  intensities  found  at  3.4  kilometers  and 
at  sea  level  provide  enough  data  to  permit  the  computation 
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of  a mean  free  path  for  removal  of  the  radiation  which 
creates  O.75  to  2 Bev/C  momentum  protons.  It  shall  be 
assumed  In  this  thesis  that  the  radiation  responsible  for 
the  generation  of  protons  In  this  momentum  interval  is  the 
Rossi  "N"  component,  and  it  shall  be  discussed  from  this 
standpoint . 

If  the  proton  momentum  spectra  are  integrated  from 
Oc75  Bev/C  to  2 Bev/C  at  sea  level  and  at  3-4  kilometers, 
the  resulting  fluxes  can  be  compared  directly.  Partial 
Justification  for  this  procedure  can  be  found  in  that  the 
momentum  spectra  found  at  the  two  altitudes  are  approximately 
the  same  shape . 

The  Integrated  fluxes  are  as  follows: 

Flux 

(Protons  cm~2  sterad--^  hr-1) 

Sea  level  0.94  - .09 

3-4  kilometers  13*1  - 1.1 

The  ratio 

= 0.072  t 13* 

leads  to  the  mean  free  path  for  absorption  in  air  of 

L - 125  t 8 gm/cm2 

This  is  in  excellent  agreement  with  the  results  of  photo- 
graphic plate  studies  ".onducted  by  J.  J.  Lord. 


* 


I 
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VIII 

COMPARISON  WITH  OTHER  EXPERIMENTAL  RESULTS 


Positive  Excess 


Extension  of  M.  Correll's  Result 

Mo  Correll  (38)  found  the  positive  excess  of  slow 
mesons  at  3*4  kilometers  to  be  L The  energy  range  studied 
was  from  60  Mev  to  170  Mev  (momentum  range  140  to  225  Mev/C) . 
The  experimental  arrangement  was  one  for  which  all  protons 
of  this  momentum  would  have  been  eliminated . As  noted 
previously,  the  present  investigation  not  only  confirms  this 
result  but  extends  the  momentum  for  which  mesons  have  a 
positive  excess  of  1.0  to  about  1.25  Bev/C. 

Comparison  with  the  Results  of  Adams,  Anderson,  et  A1 

Two  separate  assumptions  will  be  made  here.  First, 
that  the  meson  spectrum  has  approximately  the  same  form  at 
30,000  feet  as  it  has  at  3.4  kilometers  although  multiplied 
by  2.3  from  Rossi's  (1)  curve,  and  that  the  proton  spectrum 
has  approximately  the  same  form  at  the  two  altitudes  and  is 
multiplied  by  the  ratio  of  the  "N"  component  intensities.  In 
view  of  the  similarity  of  the  meson  spectra  between  3-4  kilom- 
eters and  sea  level  found  by  Potter  (37)  and  the  similarity 
of  the  proton  spectra  at  3.4  kilometers  and  at  sea  level  found 
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in  this  study,  it  is  fairly  reasonable  that  this  assumption 
is  valid. 

Rossi's  (1)  curve  gives  a factor  of  2.3  in  the  fast 
meson  rate  between  3.4  kilometers  and  30,000  feet.  The  "N" 
component,  however,  is  multiplied  by  14.  As  20  per  cent  of 
the  penetrating  component  at  3.4  kilometers  is  protonic,  it 
follows  that  the  expected  positive  excess  at  30,000  feet 
should  be  approximately  2.4,  which  is  in  excellent,  although 
probably  fortuitous,  agreement  with  th-%  results  of  Adams, 
Anderson,  et  al  (36),  who  found  a positive  excess  of  2-5» 

The  present  section  is  quite  speculative  in  nature, 
resting  on  assumptions  which  are  rather  insecure.  The  nice 
agreement  does  give  considerable  support  to  these  assumptions. 


Comparison  of  Momentum  Spectra 

Comparison  with  the  Results  of  Goldwasser  and  Merkle 

In  order  to  clarify  che  comparison  of  the  results  of 
this  experiment  with  that  of  Goldwasser  and  Merkle  (32)  the 
philosophy  of  the  two  experiments  will  be  briefly  reviewed. 
The  present  experiment  was  set  up,  as  previously  noted,  to 
answer  the  question:  What  is  the  momentum  spectrum  of  those 

non-electronic  particles  which  have  residual  ranges  (after 
passing  through  about  3-1/2  centimeters  of  lead  equivalent) 
between  0„5  and  10„5  centimeters  of  lead?  The  resultant 
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spectrum  separates  the  protons  of  this  range  from  the 
mesons.  An  approximate  picture  of  the  entire  momentum 
spectrum  above  0,75  Bev/C  can  be  Inferred  1‘rom  these  data 
due  tc  nuclear  interactions „ The  momentum  below  0-75  Bev/C 
is,  however,  not  made  available  by  this  experiment.  In 
order  to  make  any  comparison  with  the  results  of  Merkle  and 
Qoldwasser  it  is  necessary  to  assume  a proton  spectrum  below 
0.7b  Bev/C,  which  seems  reasonable  in  comparison  with  the 
spectrum  at  higher  momenta.  When  thiB  1b  done  it  is  found 
possible  to  make  estimates  of  the  number  of  protons  stopping 
in  a range  from  0 to  10  centimeters.  The  meBon  spectrum, 
because  of  its  approach  to  zero  and  because  of  the  extreme 
penetrating  power  of  mu  mesons,  i3  little  affected  by  1/2 
centimeter  of  lead. 

The  experiment  of  GoldwaBBer  and  Merkle  is  designed 
to  answer  a different  question.  Here  the  question  asked  is 
this:  What  is  the  osaBS  of  a particle  that  has  a residual 

range  between  0 and  10  centimeters  of  copper  (approximately 
9 centimeters  of  lead) ? By  counting  the  number  of  particles 
that  have  mesonic  maBB  and  those  that  have  protonic  mass  that 
stop  In  the  copper  in  a given  time  one  point  on  the  differen- 
tial range  Bpectrum  of  protons  and  one  on  the  spectrum  of 
mesons  is  determined.  Varying  the  amount  of  lead  above  the 
system  provided  the  entire  differential  range  spectrum.  It 
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should  be  noted  that  the  measure-sent  includes  particles  of 
all  momenta  provided  they  have  arrived  in  the  range  chamber 
and  that  their  range  does  not  exceed  10  centimeters  of  cop- 
per. ^he  two  experiments  in  many  ways  are  mutually  exclusive 
as  the  range  spectrum  for  protons  cannot  be  made  to  yield 
the  momentum  spectrum  due  to  the  large  number  of  high  momen- 
tum protons  that  stop  because  of  nuclear  collisions.  On  the 
other  hand,  it  is  only  by  insisting  on  a minimum  range  that 
a momentum  spectrum  can  be  made  to  give  information  about 
the  relative  numbers  of  mesons  and  protons. 

In  view  of  the  necessity  of  extrapolating  the 
momentum  spectrum,  it  appears  that  an  attempt  to  make  a 
close  comparison  between  the  two  experiments  is  inadvisable 
although  a qualitative  agreement  on  the  ratio  of  protons  to 
mesons  apparently  exists. 


Comparison  with  Results  of  Hall 

The  momentum  spectrum  obtained  by  Hall  (35)  at  4.3 
kilometers  had  a very  high  peak  at  about  .2  Bev/C.  It  was 
noted  in  the  introduction  that  the  form  of  this  spectrum 
was  probably  lnfluencea  by  a large  number  of  protons  in  the 
cosmic  radiation.  It  is  easy  to  show  that  such  a hypothesis 
leads  to  a spectrum  that  is  very  similar  to  the  one  obtained 
by  Hall.  Several  assumptions  must  be  made  but  the  plausi- 
bility of  them  has  already  been  shown  in  other  sections. 


The  principal  asaump4  ion  is  ^hat  the  croton  and  meson  spectra 
at  4.3  kilometers  have  the  same  form  as  at  3„4  kilometers. 

The  proton  flux  at  4 3 kilometers,  however,  may  be  estimated 
from  the  mean  free  path  cr  the  "N"  component  In  tne  air  - 125 
grams  j..r  square  centimeter  Tne  mass  of  the  air  layer  between 
2.4  and  4,3  kilometers  is  65  gram3  per  square  centimeter  and 
therefore  the  proton  intensity  at  4,3  kilometers  is  2.0  times 
the  i tensity  at  3,4  kilometers.  Using  the  meson  range  momen- 
tum ^oectrum,  and  taking  account  of  the  nuclear  collision 
processes,  a momentum  spectrum  which  corresponds  to  the  momen- 
tum spectrum  given  by  Hall  was  computed.  The  remarkable 
similarity  of  the  two  curves  is  shown  by  Pig.  20.  The  drop- 
ping of  Hall's  curve  below  200  Mev/c  is  an  unavoidable 
instrumental  effect  The  curves  were  no’-malized  at  700 
Mev  'C . The  increasing  peaking  of  the  nv  son  spectra  towards 
the  lower  momenta  has  not  been  taker.  - to  account  here. 

If  this  effect  were  taken  into  accour  the  rather  small 
discrepancies  would  be  reduced  The  r-  omentum  spectrum 
computed  in  this  section  is  not  the  ■ re  that  would  be 
found  at  4.3  kilometers  but  rather  *•  r,he  result  of  an 
attempt  to  duplicate  Hall's  deriv-  momentum  spectrum. 
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IX 

SUMMARY 

1*  The  momentum  spectrum  of  protons  between  0.75 
Bev/C  and  2 Bev/C  at  3 >4  kilometers  has  been  derived  from 
the  momentum  spectrum  of  particles  stopping  In  given  range 
Intervals.  The  flux  of  protons  is  about  half  as  large  as 
the  negative  meson  flux. 

2.  The  momentum  spectrum  of  protons  In  the  same 
momentum  Interval  at  sea  level  has  been  found.  The  proton 
flux  is  about  5 per  cent  of  the  total  meson  flux. 

3-  A momentum  spectrum  for  mesons  alone  has  been 
derived  from  the  data  of  Miller,  Henderson,  et  al  by 
subtracting  the  proton  flux  from  the  positive  meson 
spectrum.  The  spectra  of  positive  and  negative  mesons 
are  equal  up  to  1.25  Bev/C  momentum.  Above  this  point 
the  positive  excess  Is  greater  than  one. 

4.  The  proton  flux  has  been  correlated  to  the  "N" 
component  of  Rossi  and  the  Intensity  of  protons  In  the 
momentum  Interval  measured  found  to  be  proportional  to 
the  "N"  component.  The  mean  free  path  In  air  of  this  "N" 
component  has  been  found  to  be  132  grams  per  square  centi- 
meter, In  good  agreement  with  J,  J.  Lord  and  other  inves- 
tigators. This  value  was  obtained  in  the  comparison  of 
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intensities  between  3.4  kilometers  and  sea  level;  and  also 
between  3*^  kilometers  and  30,000  feet. 

5.  Definite  indications  that  the  peak  in  the  momentum 
spectrum  Hall  obtained  at  4.3  kilometers  was  due  to  large 
numbers  of  protons  in  the  cosmic  radiation  have  been 
presented . 

6.  The  mean  free  path  for  removal  of  protons  in  lead 
has  been  shown  to  be  174  t 30  grams  per  square  centimeter 
which  agrees,  within  the  statistical  uncertainties  of  meas- 
urement, with  the  I56  to  165  grams  per  square  centimeter  of 
Walker,  Walker,  and  Greisen,  J.  J.  Lord,  and  others. 
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